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Novel olfactory receptor-encoding genes that are expressed in olfactory sensory neurons arranged in a clustered pattern in the nasal epithelium,
typical of the mOR262 (approved gene symbol Olfr) family, were identified. The genes share sequence motifs upstream of their transcription start
sites that are highly related to those previously identified as characteristic of the mOR262 genes, suggesting that these regulatory elements may
contribute to governing their unique expression pattern. Promoter analyses of genes encoding class I receptors that are expressed in the dorsal
region of the epithelium revealed a different, but again common set of sequence motifs. A prominent feature of the class I gene promoters are
multiple O/E-like binding sites, and O/E-type transcription factors that bind to the putative promoter region of class I OR genes were in fact
identified. The findings support the concept that common elements in the promoter region of these OR genes may determine their congenic
expression pattern in the epithelium.
© 2006 Elsevier Inc. All rights reserved.Keywords: Olfactory system; Topography; Olfactory receptor; Promoter; Gene regulationThe capability of the mammalian olfactory system to detect a
vast array of small volatile compounds is supposed to be
mediated by more than 1000 different isoforms of G-protein-
coupled odorant receptors (ORs) [1,2], which are encoded by
the largest gene family in vertebrate genomes [3–6]. Most of the
OR genes are organized in clusters at a variety of loci distributed
over almost all chromosomes (for review, see [7]). Experimental
data suggest that from this large repertoire, individual olfactory
sensory neurons (OSNs) express only one subtype [8–10];
actually only one allele is expressed per OSN [11,12]. The cell
bodies of OSNs expressing the same OR subtype are usually
scattered throughout a broad, but nevertheless defined, area of
the epithelium [13–15]. In contrast, cells expressing a member
of the mOR262 (approved gene symbol Olfr, Table 1) family of
OR genes are clustered in a small central region of the
epithelium [16–18].
The regulatory DNA sequences underlying OR gene choice
by OSNs in a topographically dependent manner are still largely
elusive. Studies using transgenic mice suggested the involve-⁎ Corresponding author. Fax: +49 711 459 3726.
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doi:10.1016/j.ygeno.2006.02.005ment of cis-regulatory elements located immediately upstream
of the transcription start site (TSS) of an OR gene [19–21].
Inspection of sequences from mouse and human OR gene loci
have indeed led to the identification of several motifs that are
considered putative regulatory elements [22–27]. By means of
comparative approaches, defined DNA elements for the
mOR262 family that are highly conserved among members of
this gene family and furthermore appear to be specific for this
group have been identified [28,29]. The finding that transcrip-
tion factors that are supposedly involved in the expression
control of OR genes, like Lhx2 [30,31] or the O/E type
transcription factors [32,33], interact with these elements [29]
suggests that they may in fact exhibit regulatory properties.
Altogether, these data have led to the hypothesis that distinct
cis-regulatory elements may determine that groups of genes are
expressed in a discrete spatial pattern.
The recent finding that further OR genes that share the
unique expression pattern of family 262 genes appear to exist in
the mouse genome [34] opens the possibility of scrutinizing the
notion that cis-elements as found for the 262 genes may indeed
determine their expression pattern. Furthermore, class I OR
genes appear to have a shared expression pattern as well, being
Table 1
Nomenclature of OR genes
Zhang and Firestein
nomenclature
Mouse Genome Informatics (MGI)
nomenclature
mOR6-1 Olfr588-ps1
mOR10-1 Olfr555
mOR11-1 Olfr559
mOR11-2 Olfr33
mOR14-1 Olfr560
mOR14-2 Olfr561
mOR14-10 Olfr564
mOR16-1 Olfr550
mOR18-1 Olfr558
mOR18-2 Olfr78
mOR18-3 Olfr557
mOR41-1 Olfr556
mOR42-1 Olfr545
mOR42-3 Olfr544
mOR101-1 Olfr520
mOR103-1 Olfr449
mOR105-1 Olfr429
mOR108-4 Olfr809
mOR109-1 Olfr821
mOR110-1 Olfr812
mOR110-5 Olfr806
mOR111-1 Olfr802
mOR111-6 Olfr775
mOR112-1 Olfr790
mOR113-4 Olfr810
mOR114-1 Olfr791
mOR114-7 Olfr800
mOR115-1 Olfr767
mOR115-2 Olfr766
mOR116-1 Olfr820
mOR117-1 Olfr1132
mOR118-1 Olfr49
mOR119-1 Olfr214
mOR119-2 Olfr215
mOR119-3 Olfr213
mOR120-1 Olfr459
mOR120-2 Olfr460
mOR120-3 Olfr461
mOR121-1 Olfr96
mOR122-1 Olfr234
mOR122-2 Olfr266
mOR123-1 Olfr433
mOR125-1 Olfr43
mOR138-1 Olfr365
mOR159-1 Olfr360
mOR168-1 Olfr916
mOR171-2 Olfr151
mOR171-3 Olfr160
mOR182-1 Olfr202
mOR190-1 Olfr1065
mOR234-1 Olfr1262
mOR255-1 Olfr399
mOR256-1 Olfr1389
mOR256-5 Olfr134
mOR256-12 Olfr1361
mOR256-17 Olfr15
mOR256-28 Olfr1388
mOR256-45P Olfr222
mOR257-1 Olfr457
mOR257-2 Olfr38
mOR257-3 Olfr450
mOR257-4 Olfr458
mOR257-5 Olfr452
Table 1 (continued)
Zhang and Firestein
nomenclature
Mouse Genome Informatics (MGI)
nomenclature
mOR257-8 Olfr453
mOR258-1 Olfr1341
mOR259-9 Olfr1338
mOR260-1 Olfr715
mOR260-3 Olfr710
mOR260-4 Olfr702
mOR260-6P Olfr708
mOR261-1 Olfr447
mOR261-6 Olfr13
mOR261-13 Olfr448
mOR262-1 Olfr267
mOR262-2 Olfr275
mOR262-3 Olfr271-ps1
mOR262-4 Olfr71
mOR262-5 Olfr159
mOR262-6 Olfr156
mOR262-7 Olfr272
mOR262-8 Olfr273
mOR262-9 Olfr270
mOR262-10 Olfr70
mOR262-11 Olfr29-ps1
mOR262-12 Olfr157
mOR262-14 Olfr155
mOR263-3 Olfr120
mOR263-4 Olfr121
mOR263-9 Olfr129
mOR267-13 Olfr16
mOR275-1 Olfr330
The nomenclature of the OR genes used in this study according to [3] and the
corresponding official symbols by the Mouse Genome Informatics (MGI)
Nomenclature group (authoritative source) are given.
712 R. Hoppe et al. / Genomics 87 (2006) 711–723confined to the dorsal region of the epithelium [3,8,35]. In this
study, we therefore set out to examine whether the promoter
region of OR genes that are expressed in neurons located in
distinct topographic areas of the epithelium may contain
common DNA elements.Results
Toward an identification of additional OR genes that might
be expressed in the special clustered expression pattern in the
olfactory epithelium, the mouse genome database was explored
for OR genes related to OR-Z6, which has recently been
described to be expressed in the cluster-like pattern [34].
BLASTN searches usingOR-Z6 resulted in three hits: mOR120-
1 (which represents OR-Z6 according to the nomenclature of
Zhang and Firestein [3]) and two related OR genes, mOR120-2
and −3. The coding sequences of these three genes share
between 76.9 and 80.6% nucleotide sequence identity, thus
forming a distinct subfamily. The three genes are the only
members of family 120. Their expression pattern was explored
by in situ hybridization experiments using gene-specific
antisense riboprobes; on cross sections through the olfactory
epithelium, cells expressing mOR120-1,−2, and −3 were found
exclusively in the central region of the nasal turbinates, as
shown for mOR120-2 (Fig. 1A). Reactive neurons were
restricted to three small areas on endoturbinates II and III and
Fig. 1. (A) In situ hybridization of a digoxigenin-labeled antisense riboprobe specific for the OR gene mOR120-2 on a coronal section through the mouse nasal cavity.
Labeled neurons are exclusively detected in three distinct areas located on endoturbinates II and III and ectoturbinate 3. Scale bar, 200 μm. (B) Intron/exon structures of
the mOR120 genes based on 5′ RACE experiments. The genes are aligned according to the initial methionine (position 0 kb). Boxes represent exons; dotted lines
below indicate intronic regions (lengths are given in base pairs). White blocks upstream of the respective initial exons mark the extension of conserved sequence
stretches; numbers in brackets indicate the lengths of the coding regions in base pairs. Slashes represent a gap in the scale. (C) Region of conserved DNA upstream of
the TSS for the mOR120 genes identified by the T-COFFEE alignment shown in panel D. Motifs identified by a set of motif-discovery tools are indicated. Black lines,
Weeder. Blue lines, MotifSampler. Green lines, Improbizer. Solid lines, highest ranking; dotted lines, non-highest ranking. Solid red lines, MEME “zero or one per
sequence” settings; dotted red lines, MEME “any number of repetition” settings; red boxes, three best hits obtained with “zero or one per sequence” settings.
Transcription start sites are indicated by arrows. For comparison, the DNA elements identified in the putative promoter region of mOR262-14, previously described in
[28], are shown; the motif blocks previously defined by PatternFinder are boxed. (D) Nucleotide sequence alignment of the putative mOR120 gene promoters
generated with T-COFFEE. The significance values (scores) for distinct nucleotide positions in the alignment are labeled with a color code ranging from blue (low
significance) to red (high significance). Transcription start sites are indicated with arrows. Conserved sequence motifs resembling those previously identified in the
promoters of subfamilymOR262 [29] are marked by dotted frames and colored lines. Due to the high sequence similarity of motif blocks II and V, and III and VI, they
are marked by lines of the same color. Putative binding sites for O/E transcription factors containing motif block III or VI are colored identically. A putative binding site
core for homeodomain transcription factors that is part of motif block I is indicated (HD). Frames within the sequences indicate motifs identified by several motif-
discovery tools; the longest sequence identified by one of the programs is marked. Large frames indicate the regions that share most similarities with family 262
putative promoters. The triangle indicates the starting point of sequences shown in panel C.
713R. Hoppe et al. / Genomics 87 (2006) 711–723on ectoturbinate 3. These areas, although located on different
nasal structures, are facing each other. This pattern is similar to
the one previously found for the “OR37” genes (family 262
according to Zhang and Firestein [3]) [15,16,36]. Thus, like the
mOR262 genes, all mOR120 genes share the clustered
expression pattern.This result raised questions about the regulatory DNA motifs
involved in controlling the expression of the mOR120 genes,
concerning common features among each other and also
concerning similarities to those found in the promoter regions
of mOR262 genes [28,29]. To identify the putative promoter
region of mOR120 genes, 5′ RACE analyses were performed.
714 R. Hoppe et al. / Genomics 87 (2006) 711–723Despite their affiliation to the same subfamily, the threemOR120
genes display quite divergent intron–exon structures (Fig. 1B),
with either two or three exons that are separated by introns of
different lengths, ranging from less than 1 kb to almost 10 kb.
For each of the genes the TSS is therefore located at a variable
distance upstream of the coding sequence. As a next step, 1-kb
DNA segments upstream of the respective TSS were aligned
using the T-COFFEE program. By this approach, a DNA stretch
of about 250–300 bp that displayed high conservation among
the three genes was identified (Fig. 1D, red/orange background).
The respective DNA segments were located immediately
upstream of the TSS of each gene and flanked by DNA with
significantly lower similarity. It therefore seemed conceivable
that these conserved sequences contain elements involved in the
transcription control of these genes. Employing a set a
computational tools for the prediction of regulatory DNA
elements indeed revealed a series of motifs conserved among the
three genes (Fig. 1C). The tool Weeder classified three motifs
“highest ranking”: GAAAAGTT (reverse complement
AACTTTTC), AACTTTCTTC. and GAACTTTTAGAA (con-
tinuous black lines in Fig. 1C). In particular the first motif was
also part of longer motifs or contained shorter motifs that were
not highest ranking; however, they were included (as dotted
black lines in Fig. 1C). The tool MotifSampler identified two
motifs with a length of 8 bp (TGnnGAAA and AGGnAAAn)
(blue lines in Fig. 1C) with high scores (27.2306 and 22.2064,
respectively), which were present at least twice in each sequence
and overlapped with sequences found by Weeder. The
Improbizer identified as three highest ranking motifs
CAGTTTCCCT (score 21.6416), GCTTTCTTCAT (score
22.1191), and TGAACTTTTACC (score 22.1765) (green lines
in Fig. 1C), which also matched well with the results from
Weeder. Finally, using the tool MEME with “zero or one per
sequence” settings resulted in four motifs that were conserved in
the mOR120 sequences; three of them (red boxes in Fig. 1C)
overlapped to a large degree with the conserved regions
visualized by the T-COFFEE alignment in Fig. 1D, the fourth
motif AACTTTCTTC (red lines in Fig. 1C) also matched with
elements identified by Weeder. With a different setting (“any
number of repetitions” setting), MEME found a series of short
motifs; the two highest scoring were GGGAAA and
AAGTTCTG (red dotted lines in Fig. 1C); also these overlapped
sequences were found by the other programs. Altogether, this
approach led to the identification of a set of conserved motifs in
the putative promoters of the mOR120 genes, raising the
question whether these share similarities to the motif blocks
previously identified in the putative promoter region of the
mOR262 genes [29]. Analyzing the putativemOR262 promoters
using these tools resulted in a series of DNA elements that are
shown for example for the sequence of mOR262-14 in Fig. 1C.
The tools Weeder and MotifSampler identified motifs that
matched those previously described as motif block I. The
Improbizer found those motifs corresponding to motif blocks I+
II, the O/E-like site, and motif block IV as the best three hits.
MEME confirmed these results, identifying DNA regions
containing the motif blocks I+ II+ III and IV+ V with highest
scores. Altogether, these results demonstrate that this combina-tion of sequence discovery tools identified comparable motifs.
We therefore further analyzed the mOR120 sequences using the
PatternFinder routine (Genamics, Hamilton, New Zealand) with
the mOR262 motif blocks as a basis. Using this approach
revealed that one of the conserved sequences of the mOR120
genes very much resembles motif block I of family 262 (dark
purple line in Fig. 1D). This motif includes a conserved binding
site for homeodomain transcription factors. Downstream of this
element, a GA-rich segment with similarity to motif block II
(medium purple bar in Fig. 1C) was found. Even closer to the
TSS, two sequence motifs related to motif III are positioned, one
being part of a putative binding site for O/E-type transcription
factors (light purple bar in Fig. 1C). Following this region,
sequences with similarity to motifs IV to VI are located. Thus,
the mOR120 genes comprise 5′ sequences related to those in the
promoters of mOR262 genes, and moreover, the arrangement of
these sequences is comparable. Combining the output of
PatternFinder and the other motif-discovery tools resulted in a
region of highest similarity between the mOR262 and the
mOR120 genes (large frames in Fig. 1D) containing a putative
homeodomain (HD) binding site, followed by a region with
motif block IV flanked by O/E-like sites.
To support further the notion that these conserved 5′
sequence motifs might be important in controlling the
expression pattern of clustered OR genes, attempts were made
to find OR genes of other families that are expressed in this
special topographic pattern. We considered genes of families
related to 262 or 120 as most likely candidates. A phylogenetic
analysis of the coding sequences for representative OR genes
resulted in the dendrogram shown in Fig. 2; the data indicate
that families 111–119 originate from the same node as family
120 (open circle in Fig. 2). Determining the expression pattern
of representative members from these families revealed for one
gene, mOR118-1, a cluster-like expression pattern (Fig. 3A);
mOR118-1 is the only member of this family. The genes of
related families were found to be expressed in typical zone-like
patterns, as shown for mOR119-1 (Fig. 3B). OR genes of family
262 were found to be closely related to families 256 to 261
(filled circle in Fig. 2). Analyzing the expression pattern for
representatives from these families revealed that mOR257-1,
−3, and −4 were expressed in clustered neuron populations, as
shown for mOR257-1 (Fig. 3C). Surprisingly, the other
members of this family, mOR257-2,−5, and −8, are expressed
in the medial region of the epithelium, e.g., mOR257-8 (Fig.
3D). Thus, in contrast to families 120 and 262, only distinct
genes of family 257 exhibit a cluster-like expression pattern.
Other genes of families 256–261 were found to be expressed in
neurons broadly dispersed within the epithelium (data not
shown). The phylogenetic approach thus allowed us to identify
four additional OR genes that are expressed in the clustered
pattern.
For the newly identified clustered genes, 5′ RACE
experiments were performed to unravel their TSS. The initial
exons and respective TSS were found to be located at variable
distances upstream of the coding region (Fig. 3E, i and ii).
Using the set of motif-discovery tools as before and comparing
the regions upstream of the TSS with those of the putative
Fig. 2. Phylogenetic tree based on the protein sequences of a representative set of mouse OR genes. Open and filled circles indicate nodes in the dendrogram with OR
gene families closely related to those of mOR120 and mOR262, respectively. OR genes that are expressed in clustered neuron populations are indicated in red; the
mouse melanocyte-stimulating hormone receptor (MSH-R) was used as an outgroup. Bootstrap values for all branches are 100. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
715R. Hoppe et al. / Genomics 87 (2006) 711–723mOR120 and mOR262 promoter sequences unraveled consid-
erably conserved sequence motifs (Fig. 4). A motif with low
similarity to motif I (I-like; purple label in Fig. 4A) was
identified close to the TSS of mOR118-1 by the PatternFinder.
The tools Weeder and MotifSampler identified a DNA element
more similar to motif block I farther upstream (at position
−264), which was located close to elements similar to motif
block IV, which were detected by the Improbizer. Closer to the
TSS, a combination of motif IV and an O/E site was identified
twice by the Improbizer and PatternFinder tools. Thus, the
putative promoter of mOR118-1 comprised motifs that are
related and, moreover, organized similar to families 262 and
120. In the putative promoter region of the clustered mOR257
genes (Fig. 4B) an assembly of motif I and an O/E site is located
close to the TSS; elements representing motif IVassociated with
an O/E-like binding site, in contrast, are positioned farther
upstream. Thus, in these mOR257 promoters, an invertedarrangement compared to the other clustered OR genes is found.
Altogether, as a common feature between the promoter regions
of OR genes that are expressed in the clustered pattern, a
combination of motif I with motif IV assembled with an O/E
binding site emerged.
To provide further evidence that this particular feature is of
relevance, those members from family 257 that are not
expressed in the clustered pattern, but in dispersed populations,
could be informative. Therefore, 5′ RACE experiments were
performed for mOR257-2 and −5 (Fig. 3E, iii), and their
putative promoter was compared to the clustered genes. Using
the motif-discovery tools, DNA sequences similar to motif I and
O/E-like sites could be identified (Fig. 4C); however, the
regions up-or downstream did not contain DNA elements
resembling those of motif IV in combination with an O/E-like
binding site. That particular combination thus appeared to be
typical of genes expressed in the clustered pattern.
Fig. 3. In situ hybridization of digoxigenin-labeled antisense riboprobes specific for (A) mOR118-1, (B) mOR119-1, (C) mOR257-1, and (D) mOR257-8 on coronal
sections through the mouse nasal cavity. (E) Gene structures of mOR118-1 (i); mOR257-1,−3, and −4 (ii); and mOR257-2 and −5 (iii). White blocks indicate putative
promoter regions, black boxes mark 5′ noncoding exons, large gray boxes represent the coding regions (lengths are given in brackets in base pairs).
716 R. Hoppe et al. / Genomics 87 (2006) 711–723Previous studies have suggested that also the genomic
organization of OR genes might be instrumental in the clustered
patterning of cells, since the 262 family members not only share
conserved sequence motifs in their putative promoters, but also
are genomically linked at distinct chromosomal loci in severalFig. 4. Comparative sequence analysis of the putative transcription control regions of
nonclustered family 257 genes. Alignments for families 120 and 257 were generated w
the respective transcription start sites (black arrows) (0) are indicated by numbers. T
frames indicate assemblies of motif blocks I to/and III and IV to/and VI. Closed frame
like sites containing motif block III or VI are labeled in orange.mammalian species [28,37]. It thus seemed conceivable that
those family 257 genes that are expressed in clustered patterns
are located separate from those that are found in dispersed
neurons. Searches in the mouse genome database revealed,
however, that all members of family 257 are located at one locusOR genes from families 118, 120, and 257. (A and B) Clustered OR genes; (C)
ith T-COFFEE and manually edited. The regions of compared sequences around
he motif block region from mOR262-14 [29] was used from family 262. Dotted
s mark the various motif blocks. Colors indicate motif blocks I, II and IV, V. O/E-
717R. Hoppe et al. / Genomics 87 (2006) 711–723on chromosome 6 (Fig. 5). Those genes that are expressed in the
clustered pattern are flanking the ones that are expressed in
broadly distributed cells. Intermingled, or in immediate vicinity
to the mOR257 genes, are positioned additional OR genes that
belong to three different families (103 and 261 and O-2); these
were found not to be expressed in the clustered pattern (data not
shown). Most interestingly, also the mOR120 genes are located
in the neighborhood of the mOR257 genes, although at a greater
distance, such that the entire region containing these OR genes
spans about 3 Mb. Within a further 1 Mb on both sides from this
locus, no other OR genes could be identified. The entire locus
thus is composed of OR genes that are expressed in clustered
neurons and those that are expressed in dispersed populations;
however, a segregation of the clustered versus the nonclustered
genes toward both ends of the locus is apparent. The gene
coding for mOR118-1 is positioned on chromosome 14, located
at position 46.2 Mb (data not shown). Within 1 Mb surrounding
this position, no other OR gene could be identified; mOR118-1
therefore represents one of the few OR genes in the mouse
genome that are not organized in an OR gene assembly [3,4].
Our analyses thus demonstrate that OR genes that are
expressed in the same characteristic clustered pattern, although
they belong to largely diverging gene families, nevertheless
share DNA motifs in their putative promoter regions. This
observation supports the idea that these similar motifs might be
responsible for the common expression pattern. To evaluate
whether this might be a more general principle, we assessed
another group of receptor genes. The class I OR genes were
selected, because all members that have been analyzed so far
were found to be expressed exclusively in the dorsal region of
the nasal epithelium [3,8]; furthermore, these genes form one
distinct gene cluster [3,6]. Fourteen representatives from this
receptor group that belong to divergent families were chosen for
analysis (black triangles in Fig. 6A). As a first step, in situ
hybridization experiments were performed for those genes that
had not been analyzed before. Indeed, most of them were found
to be expressed in the dorsal zone; however, one receptor,
mOR41-1, was not found in the dorsal zone, but in the adjacent
medial region of the epithelium (data not shown). For 11 genes
expressed in the dorsal zone and the one expressed in the medial
zone (asterisks in Fig. 6A), 5′-RACE experiments were
performed. As shown in Fig. 6B, for this collection of genes
rather diverse intron–exon structures emerged. For mOR41-1,
two alternatively spliced isoforms were isolated, one containing
an additional 147-bp noncoding exon. A particularly interesting
constellation was found for the two neighboring genes mOR14-Fig. 5. Genomic organization of OR genes from families 120 and 257. The gene positi
genes expressed medially or dorsally).1 and mOR18-2 (Fig. 6B, j/k). The initial exon for mOR18-2
was found to be positioned upstream of the coding region of
mOR14-1; surprisingly, the same initial exon was found for
mOR14-1, indicating that these two OR genes may share the
same promoter.
In order to identify putative expression control elements for
those genes expressed in the dorsal region of the epithelium, up
to 1 kb upstream of the TSS for the respective genes was
compared. An alignment using the T-COFFEE program resulted
in no obvious similarities (data not shown). Employing the
motif-discovery tools on Repeatmasked and non-Repeatmasked
sequences nevertheless identified a series of motifs. The tool
Weeder identified ATATGAGG, ATCCTTGAGG, and
CATGGTTACTCA in the non-Repeatmasked sequence as
highest ranking and AATCACAT, ATTAGCCCAT, and
CACCTACAGGAT in the Repeatmasked. The Improbizer
found GGGATCCCAGAGGTCG, GAAGGAGACAGGG,
and AGGAAATCAGAA (Repeatmasked) and CCCCTGGGG-
AGCTC, AGAGGCAGAGAG, and TGGGAAAGGAG (non-
Repeatmasked) as best hits. The MotifSampler identified
TsnTTTnT and wTTAnAAA (non-Repeatmasked) and
mTTTCymA and CTCCCTCY (Repeatmasked). Analyzing
the positions of these motifs within the respective sequences
upstream of the TSS revealed that there was hardly any
overlapping motif detected between the various programs (data
not shown). However, a common feature between several
motifs identified by Weeder and Improbizer was their high
similarity to O/E-like binding sites (sequences printed in italics
in the motifs described above). Finally, using the PatternFinder
routine to identify sequences that were present in the putative
promoters of the clustered genes resulted in hits for motif block
I, which contains the binding site for homeodomain transcrip-
tion factors (purple label in Fig. 7A) in all sequences; in most
genes, multiple copies were found for this motif by this
approach. Searching for O/E binding sites revealed that this
element was indeed also found by this method in all sequences
(Fig. 7A). Interestingly, multiple copies were found for this
element in most genes also using this approach, confirming the
data obtained by the other motif-discovery tools. A concentra-
tion of these motifs close to the TSS was observed in most
genes. The search for combinations of this O/E-binding site
with motif IV, however, which is typical of the clustered genes,
did not result in significant hits. Thus, as a characteristic feature
of the putative class I promoters, an array of binding sites for O/
E transcription factors around of the TSS associated with
several motifs containing a homeodomain binding site emerged.ons are indicated by triangles; black for clustered (c) genes, gray for others (m, d,
Fig. 6. (A) Genomic organization of representative class I OR genes on mouse chromosome 7. OR genes analyzed in this study are labeled with black arrowheads; the
nomenclature for mOR18-2, mOR14-1, and mOR14-10 is also given according to [54]. m or d indicates medial or dorsal expression, respectively. (B) Gene structures
of class I OR genes determined by 5′ RACE experiments. The genes are aligned according to the initial methionine (position 0 kb). Boxes represent exons; dotted lines
below indicate intronic regions (lengths are given in base pairs). Numbers in brackets indicate the lengths of the coding regions in base pairs. The 5′ RACE clone for
mOR42-3 was isolated with the same primer combination as used for mOR42-1.
718 R. Hoppe et al. / Genomics 87 (2006) 711–723By this signature, the promoters of class I genes that are
expressed in the dorsal region of the epithelium are distin-
guishable from those ORs expressed in the clustered popula-
tions, as well as those expressed in the medial region of the
epithelium. To evaluate further the significance of this finding,
we next compared the putative promoter of mOR41-1, which is
a class I gene but is not expressed in the dorsal zone. Sequence
alignments with the dorsally expressed class I genes did not
result in detectable similarities. In contrast, the putative
promoter of mOR41-1 did share remarkable similarities with
those of the clustered and medially expressed genes (Fig. 7B).
In particular, the combination of motifs I–III with an associatedO/E-like binding site was well conserved throughout all genes.
In the mOR41-1 promoter, this conserved sequence stretch was
found between 30 and 50 bp upstream of the TSS. As for the
nonclustered 257 genes (Fig. 4C) the motif combination IV–O/
E was not found in the surrounding region.
Our previous studies using a short region upstream of the
TSS of an OR gene from family 262 genes led to the
identification of a set of transcription factors that bind to the
corresponding DNA [29]. We therefore used this approach to
isolate factors that may interact with the class I promoter
elements that are expressed in the dorsal zone, compared to the
one that is expressed in the medial region. Representative DNA
Fig. 7. (A) Comparison of the putative promoter sequences for representative class I OR genes. Some sequences were shortened as indicated by the numbers in
brackets. PatternFinder searches revealed conserved homeodomain-like sites (shaded purple) as well as multiple O/E-like binding sites around the transcription start
sites (black arrows); O/E sites identified both by the Improbizer and PatternFinder are labeled in darker orange, those found only by the PatternFinder in light orange.
Dotted lines mark those regions of the putative mOR18-2 and mOR11-1 promoters employed in yeast one-hybrid screenings. (B) Nucleotide sequence alignment of
motif blocks I–III from mOR41-1 and representative clustered and medial OR genes generated by T-COFFEE. The alignment was manually edited. Motifs I to III are
indicated with closed frames, O/E-like binding sites with dotted frames. In the case of mOR257-5, the most distal combination of motif I to O/E-site is shown
(mOR257-5d). (C) Putative promoter sequence of mOR41-1 including the transcription start site (black arrow) and motif blocks I to III (color code as in Fig. 4). Dotted
line marks the region employed in the yeast one-hybrid screenings.
719R. Hoppe et al. / Genomics 87 (2006) 711–723segments upstream of the TSS of mOR11-1, mOR18-2, and
mOR41-1 (see Figs. 7A and 7C) were therefore employed in
yeast one-hybrid approaches. For this purpose, they were
cloned into the AD vector (BD Biosciences) and cotransfected
with a linear cDNA library from the mouse olfactory epithelium
into the yeast strain 187 (see Materials and methods). Several
independent screenings resulted in three different transcription
factors. Using the putative promoters of mOR11-1 and mOR18-
2 as baits, the transcription factors EBF1(8) [32] and EBF4(23)
[33] were isolated. Employing the putative promoter region of
mOR41-1 did not lead to the identification of these factors;
instead five clones were isolated with a coding sequence for the
transcription factor [38].
Discussion
In the present study we have analyzed putative promoter
regions of such OR genes that are expressed in a distinct
topographic pattern in the olfactory epithelium. The data
indicate that OR genes that share the same spatial expression
pattern contained common DNA motifs in their promotersequence, suggesting that these regulatory elements may
contribute to determine the gene choice of the respective
OSNs in distinct areas of the olfactory epithelium.
Previous studies comparing the promoters of mOR262 genes
have led to the identification of highly conserved motif blocks,
which were assumed to be involved in shaping the characteristic
clustered expression pattern of these OR genes [29]. However, it
could not be excluded that these elements are similar among
these genes due to their close phylogenetic relationship. The
data of this study now demonstrate that OR genes that are also
expressed in the typical clustered pattern, but are unrelated to
family 262, such as 118 and 120, nevertheless share these
characteristic promoter motifs. This finding suggests that these
DNA segments may indeed be conserved because they are
involved in governing spatial patterns, rather than due to
phylogenetic constraints. By extending the comparative ap-
proach to other OR genes that are expressed in clustered cell
populations, it became obvious that distinct combinations of
DNA elements are conserved. Such a coexistence of several cis-
elements as “regulatory modules” in distinct DNA segments
upstream of the TSS has been observed for many coordinately
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indication that these elements indeed form part of the regulatory
elements for OR genes. Interestingly, some of the shared motifs
among OR genes were found to be arranged in a variable
manner (see, e.g., Fig. 4). Such a slight shuffling of cis-elements
has been described for various similarly expressed gene groups
[41] and appears to be a general phenomenon.
As a common feature of many OR gene promoters emerged
the pairing of a binding site for a homeodomain transcription
factor with that for an O/E transcription factor site. Such an
array has recently also been found in the promoters of M71,
M72, and mOR23 [20]. Mutational analyses have demonstrated
that these elements are indeed involved in the transcription
control of the M71 gene and, furthermore, that both sites also
contribute to determining the spatial expression pattern of this
particular OR gene [21]. However, it became also clear that they
may not be the only determinants and it was argued that
additional regulatory sites may be necessary [21]. This is
consistent with our finding that a multiplicity of sites is
conserved among similarly expressed genes.
The idea that a short region upstream of the TSS of OR
genes is sufficient to control the expression of an OR gene has
been supported by several experimental approaches [19,20],
suggesting that expression is under short-range control.
However, an influence of long-range elements cannot be
ruled out, yet. For particular OR genes, the involvement of a
so-called H-region, which is located far distant from the
coding region, has been demonstrated [42]. In transgenic
approaches, this DNA element has been shown to influence
expression of not only one OR gene, but all genes from an OR
gene cluster. This situation is comparable to that of the β-
globin locus, where a locus-control region (LCR) ensures
expression of one particular member from an array of globin
genes [43]. In the case of loci that contain OR genes expressed
in clustered cell populations, it seems conceivable that also
here such an element might be present. The observation by
Pyrski et al. [34] that a transgene that consists of the proximal
OMP gene promoter mimicked the expression pattern of a
clustered OR gene when it integrated into the locus containing
the mOR120 genes, whereas it displayed the typical OMP
pattern when it integrated into other genomic regions [44],
supports the contribution of locus-dependent control mechan-
isms. Interestingly, also the newly discovered genes of family
257 that are expressed in clustered cells are positioned at this
particular locus (see Fig. 5). Surprisingly, the locus also
contains genes that are expressed in dispersed patterns; the
clustered genes, however, are segregated on one side of the
locus. It thus seems possible that a locus control element is
positioned on this side of the cluster, exhibiting its effect on
the nearby genes, whereas genes farther distant may not be
under its control. A distance-dependent effect on the
expression of OR genes has recently been demonstrated for
the H-region [42], thus supporting this concept. Also for those
gene loci where family 262 receptors are positioned, such a
regulatory mechanism seems possible; here, even all genes are
expressed in the clustered pattern [37]. Future studies
investigating the regions surrounding those gene clusters thatcontain OR genes expressed in clustered cell populations are
needed to identify putative DNA elements that regulate this
special expression pattern.
Another group of OR genes that appears to have a specific
combination of conserved DNA elements in their promoter are
the class I OR genes. A multiplicity of O/E binding sites close to
the TSS became apparent as a characteristic feature. In this
respect, the class I OR genes differ from the genes expressed in
clustered neurons. The abundance of O/E binding sites close to
the TSS of the class I genes suggests that these transcription
factors may play a dominant role in controlling their expression.
One might speculate that the homeodomain site—which is
located rather far distant from the TSS in most of analyzed class
I promoters—has only a minor impact on the expression
control. Most class I OR genes appear to be expressed in the
dorsal region of the epithelium and are thus confined to a
particular zone of the epithelium. This is consistent with our
finding that the promoter elements of these genes contain
common DNA elements that may restrict their expression to the
same zone within the epithelium. Currently, the situation
appears more unclear for the majority of class II OR genes.
Although they were originally grouped in zonal sets according
to their expression patterns in the epithelium [13–15], more
recent data have demonstrated that cells expressing distinct OR
genes appear to be arranged rather in a continuous and
moreover largely overlapping manner in the olfactory epithe-
lium [35,45]. These data suggest that the expression area may
be unique for each OR gene, and it therefore seems possible that
the DNA sequences that enable OR gene choice and specify the
spatial pattern are gene-specific and may share no obvious
common features.Materials and methods
In situ hybridization
Specific antisense riboprobes for OR genes were generated using the
following primer combinations: mOR103-1, 5′-CATTCTGGTGGGGTTTCC-
3′/5′-AGTCAGATCGGATGACCTGGC-3′; mOR115-2, 5′-CGAAATCTCCTT-
CACATCCAC-3′/5′-TAACTGGGAGGAGAGGCTGG-3′; mOR117-1, 5′-
TAACTTTTGCGAGGCTGGA-3′/5′-TGATGTCCTTTAGGGCTTCTT-3′;
mOR118 - 1 , 5 ′ -AGTTTATTCTGCTGGGGCTG-3 ′ / 5 ′ -CGTC -
TGGCTGAACTTTTGGA-3′; mOR119-1, 5′-CAAGGAGGGCTGATGG-
CAAA-3′ /5′-GTTCACCCTGGATAGTGCGTC-3′; mOR119-2, 5′-
GTGGGAATGGGAAACGGGACA-3′/5′-CACTTTAAGAACAGGCGAAGC-
3′; mOR119-3, 5′-GCAAAGCCCTTCAGTGACAGA-3′/5′-AATT-
GAACCCTGGACAGTGC-3′ ; mOR120-2, 5 ′-GGACTCAGAAC-
TAAATGTTGG-3′/5′-CTCAGGATAAGACTAGCTC-3′; mOR120-3, 5′-
GGAAACTACTCTAGTGCCAC-3′/5′-CTAATGTTTGAGAAGTTGGCAG-3′;
mOR257-1, 5′-GTTTATCCTCATGGGTCTCTCC-3′/5′-AAAGCAGCCTTCA-
CATCCTTG-3′; mOR257-2, 5′-TGTTCTTGCTGATGTACCTGG-3′/5′-
CCTAATAATTTCTGCCATGCC-3′; mOR257-3, 5′-TCATCCTCTTGG-
GACTTTCC-3′/5′-CAAGTTTTGTAAGAGCAGCC-3′; mOR257-4, 5′-ATCCT-
CATGGGTCTCTCCAG-3′/5′-AAGCAGCCTTCACATCCTTG-3′; mOR257-5,
5′TGCTTATGCTTCCCCCCTA-3′/5′-GAACAAAGAAGAAAAGCCGTC-3′;
mO257-8, 5′-GATTGGCAGATGGGGAAGT-3′/5′-CAGCCCCACCTT-
TATCTCC-3′; mOR260-3, 5′-CCAACATTTGATTGTTCTGCC-3′/5′-
CTTTAATGCCCCTTTCACATC-3′; mOR261-13, 5′-GATCCCAGAATT-
TACCCTGC-3′/5′-CACCCTTGACCTCAGCATTC-3′; mOR263-3, 5′-
GTGTCAACTGCTCTCTGTGGC-3′/5′-ATTGCCAGAGGTTTCTTCAGA-3′;
m O R 2 6 3 - 4 , 5 ′ - C TAAGGGAG T TGGGAGAGACA - 3 ′ / 5 ′ -
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TAACTGGGGCTC-3′/5′-CTTTCAGGAGCACTTCAGGAT-3′; mOR6-1, 5′-
GATTCCAGCCTGTACCCTCG-3′/5′-ATTTCCTCAGGATTCTGTC-3′;
mOR10-1, 5′-CAGGGATGCCAGACAAGAACC-3′/5′-AATAGGGTTTAGCA-
CAGGAGG-3′; mOR11-1, 5′-CCTTCTTCCAGCCACAGTC-3′/5′-CTTTGAA-
CATGGCTCCCC-3′; mOR14-1/10, 5′-CACCACAGCTTCTTCCATC-3′/5′-
CTTTCAACACAGCCTTCCG-3′; mOR14-2, 5′-CCCACCAGTCTTCTTCCT-
CAC-3′/5′-GATTATGGGATTCATTACCG-3′; mOR16-1, 5′-CAATACCAG-
CACTCCTGGC-3′/5′-CCTCTTCTGCTGGAAACGCC-3′; mOR18-1, 5′-
ATGGTGGGCTTCAATAGCAA-3′/5′-TGTGTGTGGTCACGAGGAAAA-3′;
mOR18-2, 5′-GTTCCTGCAACTTCACCC-3′/5′-CTGATCTTGAACATAGCC-
3′; mOR18-3, 5′-CTCATCGCCACCCCAAATG-3′/5′-CATACGGA-
TAACCCTTGAACGG-3′; mOR41-1, 5′-CAATGGAATCCCCTGGCAC-3′/5′-
GAAGCAATGTGTCAGCAG-3′; mOR42-1, 5′-GGAGCAATGGCACCTA-
CAATG-3′/5′-GGTGCTGCCTGATTTCCTTGG-3′.
PCRs were performed using mouse genomic DNA as template in a Peltier
PTC 200 thermocycler (MJ Research, Biozym Scientific, Oldendorf, Germany)
with the following time and temperature schedule: an initial 4-min denaturation
at 94°C was followed by 35 cycles of denaturation at 94°C (1 min), annealing at
55 or 60°C (1 min), extension at 72°C (1 min), and a final extension at 72°C for
10 min; MasterTaq polymerase from Eppendorf (Wesseling-Berzdorf, Germany)
was used for all amplifications. The PCR products were size-fractionated on
agarose gels and cloned using the pGEM-T vector system according to the
manufacturer's specifications (Promega, Mannheim, Germany). To remove the
vector backbone prior to in vitro transcription, PCRs were performed with T7out
(5′-AATTGTAATACGACTCACTATAGG-3′) and SP6out (5′-CCAAGCTATT-
TAGGTGACACTATA-3′) primers under the same conditions as above. PCR
products were separated by agarose gel electrophoresis and then purified using
the EZNA gel extraction kit (PEQLab, Erlangen, Germany); 150 to 250 ng of
DNAwas used for in vitro transcription. Mice at 2–8 weeks of age were killed
by CO2 asphyxiation and decapitated. After removal of the lower jaw and the top
of the skull the tissue was embedded in tissue-freezing medium and frozen on
dry ice. Twelve-micrometer coronal sections were cut on a Jung CM 3000
cryostat (Leica, Benzheim, Germany), adhered to Starfrost microslides (Fisher
Scientific, Schwerte, Germany), and fixed in 4% paraformaldehyde in 0.1 M
NaHCO3 for 10 min. Hybridization conditions, posthybridization washes, and
detection were as described previously [15]. Sections were photographed using a
Zeiss Axiophot microscope and a Sound Vision SV Micro camera and light-
adjusted in Adobe PhotoShop 7.0.
5′ RACE
For analyses of the cDNA structures of the olfactory receptor genes, total
RNA was extracted from mouse olfactory epithelium using either TRIZOL
reagent (Invitrogen, Karlsruhe, Germany), chloroform extraction, and isopro-
panol precipitation or the NucleoSpin RNA II kit (BD Biosciences Clontech,
Heidelberg, Germany). In the first case total RNAwas resuspended in water; to
exclude contamination with genomic DNA, it was incubated with 3 U of FPLC-
Pure DNase I (Pfizer, Illertissen, Germany) for 30 min at 37°C in a 20-μl volume
of 40 mM Tris–HCl, pH 7.4, 6 mM MgCl2. Subsequently, the DNase was
inactivated by incubation for 10 min at 70°C. When using the Nucleospin total
RNA extraction kit, this was performed according to the manufacturer's
specifications with a final elution volume of 2 × 50 μl nuclease-free water. The
integrity of total RNAwas controlled by estimating the intensity ratio of the 28S
versus 18S ribosomal RNA bands on denaturing formaldehyde/agarose gels;
only preparations with ratios of at least 1.5 to 1 were used for cDNA preparation.
For the full-length amplification of 5′-cDNA ends of the receptor genes, the
GeneRacer kit (Invitrogen) was employed according to the manufacturer's
specifications. The following gene-specific primers were used: mOR11-1/2, 5′-
GATGAGGCAGTTTCCAGTGAGTG-3′; mOR11-1nes, 5′-TGTGGCTGGAA-
GAAGGAGATGTTG-3′; mOR11-2nes, 5′-TGTGGCTGGAAGAAGGTGA-
TATTG-3′; mOR14-1/10, 5′-CTGGGCTGGGTGATAATGAC-3′; mOR14-1/
10nes, 5′-GAAAGCAGAAGGGAATGGAG-3′; mOR14-2, 5′-GAAGGACAG-
CATGGACAGGAAATAG-3′; mOR14-2nes, 5′-AGGAATGCCAGTGAGGAA-
GAAGAC-3′; mOR16-1, 5′-AGGATAACGCTGTTGCCCAGGATG-3′; mOR16-
1nes, 5′-CACAGATGAGGTTGATGGGAATGG-3′; mOR18-1, 5′-
GTGCTCTGTCCTCACAATGTAGATG-3′; mOR18-1nes, 5′-GCCAGC-
CAAAACTGAACCTCTTCC-3′; mOR18-2, 5′-GGCTCCGCTCTGTTCTCAC-TATGA-3′; mOR18-2nes, 5′-CAGGGGGAAGCCAAACCAAAAGAG-3′;
mOR18-3, 5′-GCCTCTCCACACGAATGATGAAG-3′; mOR18-3nes, 5′-CAT-
AAAGCATAAGGGGAAAGCCAGCC-3′;mOR41-1,5′-CACAGCAGCCAGAA-
CACATAGAAAG-3′;mOR41-1nes,5′-ATGCCCAAGAGGAAGAAAGTGCC-3′;
mOR42-1, 5′-CAGCACAGATATTGACAGCCAGGAG-3′; mOR42-1nes, 5′-
TGCTCCAACCCAACATGACGCCTGAG-3 ′ ; mOR118 -1 , 5 ′ -
CTGTCCGCAAGGGTGATGAAGATGAT-3′; mOR118-1nes, 5′-GTAGGTCAG-
GAGAAAGCCCAGGAATA-3′; mOR120-1, 5′-AAGTACATGGGGGACTGTA-
GACG-3′;mOR120-1nes,5′-TGATGACCATGTTTCCCAGCAGTG-3′;mOR120-
2, 5′-ATGATGACCGTGTTTCCCACTAAGG-3′; mOR120-2nes, 5′-AGGTAG-
CAAAAAGGATGTGGCGTAG-3′; mOR120-3, 5′-TTTCCCAAGACCGTCACT-
GAGTAC-3′; mOR120-3nes, 5′-AGGTCGCAAAAAGGATGTGGTGTAG-3′;
mOR257-1, 5′-GGTAGATGACCCCAAAGAGGACAAAG-3′; mOR257-1nes, 5′-
GCTTGGATGTGTTTGTCACTGGAGAG-3′; mOR257-2, 5′-CCAGGTACAT-
CAGCAAGAACAGGACG-3′; mOR257-2nes, 5′-CAGGACGAAGAGGGA-
GACTTGAGAGT-3′; mOR257-3, 5′-GCAAGGACCAGGACAAAGA
GAAAGAC-3′;mOR257-3nes, 5′-GAGAAAGACCTGAGTGTTCCTGTCAC-3′;
mOR257-4, 5′-CCCAGCAGAGTCAGCAGGTAGGTTA-3′; mOR257-4nes, 5′-
AGGTTACCCCAAAGAGGACAAAGAG-3′; mOR257-5, 5′-AGGACGAA-
GAGGGAGACTTGAGTGCC-3′; mOR257-5nes, 5′-GGAGACTTGAGTGCCC-
CAGTCATTGG-3′.
For the amplification, 1 μl of cDNA was employed as template in a first
amplification round. The PCR was performed on an MJ Research Peltier
Thermocycler PTC 200 with the following temperature profile: 1 min 40 s at
94°C; 19 cycles of 30 s at 94°C, 40 s at 70°C—0.5°C/cycle, 1 min 30 s at 68°C;
and an additional 25 cycles under the same conditions as above except for an
annealing at 60°C. The reaction was completed by a final extension of 10 min at
68°C. For these PCRs 0.4 μl Titanium TaqDNA polymerase (BD Biosciences
Clontech) was used in a total 50-μl reaction cocktail containing 32 ng/μl bovine
serum albumin, 30 μM each primer, 10 μM dNTPs each, and 1× concentrated
Titanium Taq buffer. Then, 1 μl of reaction product was used in a second-round
PCR using the nested primers under the following PCR conditions: 2 min at
94°C and 25 cycles of 30 s at 94°C, 30 s at 65°C, and 2 min at 68°C; the reaction
was completed by a final extension of 10 min at 68°C. The reaction mixture was
the same as described above except for BSA and using each primer at 10 μM.
PCR products were subcloned into pGEM-T vector (Promega) and sequenced
using TaqI polymerase and fluorescently labeled dideoxy-terminator chemistry
on an automated sequencer (Model 310; Applied Biosystems, Mannheim,
Germany).
Yeast one-hybrid screening
For the yeast one-hybrid screening, the BD Matchmaker One-Hybrid
Library Construction and Screening Kit (BD Biosciences Clontech) was used
according to the manufacturer's specifications. Briefly, total RNA was isolated
using the NucleoSpin RNA II kit (BD Biosciences Clontech) as described
above. Total RNA (1.5 μg) was reverse transcribed using the oligo(dT) primer
CDS III and SuperScript II reverse transcriptase (Invitrogen). Subsequent long-
distance PCR was performed using 18 to 22 cycles according to the BD
Biosciences PCR profile. After controlling for cDNA amount and quality on
agarose gels and eliminating low-molecular-weight DNA with BD Chroma
Spin-400 columns, the complete cDNA of all PCR samples was eluted in a total
volume of 30 μl of water. For large-scale cotransformation, competent Y187
yeast cells were mixed with 10 μl of cDNA, 5 μg of the pHIS2 reporter vector,
and 3 μg of SmaI-linearized pGAD-Rec2 AD cloning vector in a volume of
200 μl. More than 107 clones were screened, and clones were selected by
growth on minimal synthetic dropout plates (−Leu, −His, and −Trp)
supplemented with appropriate 3-amino-1,2,4-triazole concentrations to mini-
mize background.
pHIS2 bait plasmids were constructed by ligation of one copy of double-
stranded oligonucleotides generated by PCR using Pwo DNA polymerase
(Roche Diagnostics, Mannheim, Germany) according to the manufacturer's
specifications on mouse genomic DNA, each containing putative promoter
sequences of the different OR genes using the following primer combinations:
mOR11-1, 5′-GCTGTTTAGAAATCTGCCCATAC-3′/5′-TTCACCCTGGC-
TATTGTTCC-3′; mOR18-2, 5′-GGTTATGGCATTTTTGAGGTG-3′/5′-
ATTCCAGAGGAGGGTCCAGC-3′; mOR41-1, 5′-AGGAGAAACTGAG-
GAATACTGGA-3′/5′-CTCTTGCCAGGTGACTTGAATC-3′.
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(Promega), these vectors were subsequently used to amplify the promoter
regions of these genes using the following primers: mOR11-1 EcoRI s, 5′-
CGGAATTCTCTCTGAAGACAACTCTAATTTGATG-3′; mOR11-1 SacI
as, 5′-CGGAGCTCTTCACCCTGGCTATTGTTCC-3′; mOR18-2 EcoRI s,
5′-CGGAATTCGGTTATGGCATTTTTGAGGTG-3′; mOR18-2 SacI as, 5′-
CGGAGCTCATTCCAGAGGAGGGTCCAGC-3′; mOR41-1 EcoRI s, 5′-
CGGAATTCGATGGAACTCAGACAAAAGCC-3′; mOR41-1 SacI as, 5′-
CGGAGCTCGTAAGCATCACAAGAGACCAAAG-3′.
Cloned PCR products were isolated from pGEM-T by using the appropriate
restriction digestion enzyme combination, and purified DNAwas cloned into an
EcoRI/SacI-digested pHIS2 vector (BD Biosciences Clontech). Sequencing of
cloned insertions was performed with pHIS2seq, 5′-GGGTAACGC-
CAGGGTTTTC-3′.
Plasmids were isolated from yeast clones according to [46]. Colonies were
incubated in 10 ml of appropriate medium at 30°C for 48 h at 230 rpm. Yeast
cells were resuspended in 1 ml of water subsequent to pelleting for 5 min at
3000 rpm and then mixed with 100 μl of glass beads (Sigma–Aldrich,
Taufkirchen, Germany); after a 30-s centrifugation and removal of the
supernatant, 50 μl TE/SDS (10 mM Tris–HCl, pH 7.5, 1 mM EDTA, 1%
SDS) and 100 μl phenol/chloroform/isoamyl alcohol (25/24/1) were added.
Cracking of the yeast cells was performed by 15× alternate vortexing and
cooling of the samples on ice for 30 s. A 5-min centrifugation at 4°C at
14,000 rpm was followed by a purifying dialysis of the supernatant against
double-distilled water. Sequencing of recombined plasmids was done with
primer ISA-2, 5′-CAAGCAGTGGTATCAACGCAG-3′.
Sequence analyses
BLASTN searches of the nonredundant version of the GenBank database
(NCBI) were used to identify genes related to OR-Z6 according to the
nomenclature of Zhang and Firestein [3]. The chromosomal positions of the
mouse OR genes were mapped using the Ensembl BLAST server (http://www.
ensembl.org). Detailed analyses concerning cluster organization and gene
structures were subsequently performed using Genamics Expression (program
version 1.080). Phylogenetic analyses were performed using ClustalW (1.60) for
sequence alignment; the phylogenetic tree was generated using the “topological
algorithm” in GeneBee (AliBee-Multiple Alignment release 2.0) (http://www.
genebee.msu.su/genebee.html) with default parameters.
Sequences were masked for repeat content using the RepeatMasker at
EMBL (http://www.woody.embl-heidelberg.de/repeatmask). The comparative
sequence analyses for the identification of putative conserved promoter regions
of the clustered OR genes of families mOR120 and mOR257 in this study are
based on a series of bioinformatics tools. Multiple sequence alignments were
performed using the program T-COFFEE (http://www.ch.embnet.org/software/
Tcoffee.html) [47]. For the identification of conserved, putative regulatory DNA
elements, a set of motif-discovery tools was used. Initial searches were
performed using the tool Weeder [48,49]. For this program, either the default
settings or the option “looking for motifs in both strands” was used. Only motifs
higher than 90% similarity were considered, except when other tools gave
overlapping results. To confirm these results, three additional tools were used:
the Improbizer [50], MotifSampler [51,52], and MEME [52]. The Improbizer
was used under default settings with the following modifications: number of
motifs to find was set to 3, the maximum occurrence per sequence to 2, the initial
motif size to 8, and the “ignore location and include reverse complement” option
was used. The MotifSampler was used with default parameters, except for the
order of the mouse background model set to 0. MEME was used with default
settings except for (i) looking for six motifs and (ii) “any number of repetitions”
set to “zero or one per sequence.” The obtained data were further analyzed using
the PatternFinder routine in Genamics Expression, version 1.080 (Genamics)
exploring the motif blocks similar to those previously identified for OR genes of
family 262 [29]. Searches using the following consensus for the motif blocks
were performed: MI, TAATTGGATCT; MII/V, GGGA; MIII/VI, TCCCA/T;
and IV, AAC/TTTTAAATT. In addition, searches for combinations I+ II, II+ III,
IV+ V, and V+ VI were carried out. For mOR118-1, the region between the TSS
and the next upstream repetitive element was analyzed; for the clustered
mOR120 and mOR257 genes, the conserved region identified by T-COFFEE
was used for further analysis. For the genes mOR257-2 and mOR257-5, 360 bpupstream of the TSS were used. O/E-like binding sites were identified using the
consensus sites described below.
For comparative analyses of class I OR gene promoters, 1 kb DNA upstream
of the TSS was initially compared using T-COFFEE (see above). Further
comparison was performed using the bioinformatics tools described above with
the same settings; 1 kb upstream of the TSS with and without repetitive content
was analyzed. For the identification of O/E sites using the Improbizer, the
variable “restrain expansionist tendencies” was employed. The sequence was
subsequently analyzed using the PatternFinder. As consensus for motif block I
(containing the homeodomain-binding site) NNTAATKRNDNYK was used,
based on genes of family 262 andM71 [21,29]. For the O/E-like binding site, the
consensus TCCCYRGGGA [53], TCCCAGGAG, or YYYCARRRR [20] was
used.
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